Summary There are many ways to measure thoracic kyphosis ranging from simple clinical to more complex assessments. We evaluated the correlation among four commonly used kyphosis measures: Cobb angle, Debrunner kyphometer, kyphotic index, and the blocks method. Each measure was correlated with the others, confirming high clinical and research applicability. Introduction The purpose of this study was to assess the associations among four commonly used measures of thoracic kyphosis in older adults. Methods Seventy two men and women aged 65-96 were recruited from the San Diego community. Four kyphosis measures were assessed in the same person during a baseline clinic visit. Two measures were done in the lying (L) and two in the standing (ST) position: (1) Cobb angle calculated from dual X-Ray absorptiometry (DXA) images (L), (2) Debrunner kyphometer (DK) angle measured by a protractor (ST), (3) kyphotic index (KI) calculated using an architect's flexicurve ruler (ST), and (4) the blocks method involving counting the number of 1.7 cm-thick blocks required to achieve a neutral head position while lying flat on the DXA table (L). Spearman rank correlation coefficients were used to determine the strength of the association between each kyphosis measure. Results Using the Cobb angle as the gold standard, the blocks method demonstrated the lowest correlation (r s = 0.63, p<0.0001), the Debrunner method had a moderate correlation (r s =0.65, p<0.0001), and the kyphotic index had the highest correlation (r s =0.68, p<0.0001). The correlation was strongest between the kyphotic index and the Debrunner kyphometer (r s =0.76, p<0.0001). Conclusion In older men and women, all four measures of thoracic kyphosis were significantly correlated with each other, whether assessed in the lying or standing position. Thus, any of these measures demonstrate both potential clinical and research utility.
Introduction
Hyperkyphosis is the excessive curvature of the thoracic spine, commonly described as the dowager's hump. Risk factors for this condition include vertebral fractures [1] , degenerative disk disease [2] , low bone density and bone density loss [3] , and spinal extensor muscle weakness [4] . When severe, hyperkyphosis can result in serious health consequences including impaired mobility [5] , risk of injurious falls [6] , non-spine fractures [7] , and earlier mortality [8] .
Due to the significant health consequences associated with hyperkyphosis, early diagnosis and treatment may be crucial in reducing complications and associated comorbidities. However, understanding of clinical thresholds at which risk is increased, and before which treatment should be started, is made more challenging because there are multiple ways to assess kyphosis and the degree of correlation between measures has not been well described to date.
Long considered as the gold standard for assessing kyphosis, the Cobb angle has a history dating back to 1948. In short, the Cobb angle is derived from a radiograph of the lateral spine that can be taken in a standing or lying position. The angle is calculated from the interval of the thoracic curve (usually T4 to T12). It has been established as the standard method for quantifying the curvature of the spine due to its reliability and reproducibility, which has been evaluated in scoliosis and kyphosis [9] . However, the Cobb angle is limited by the requirement for a radiograph, which may be cost-ineffective and time consuming when measuring large populations. It also involves radiation exposure that may pose unnecessary health risks, particularly in already atrisk populations. With this in mind, alternative methods to measure kyphosis have been developed. These measures include: (1) the Debrunner kyphometer [10] , (2) the kyphotic index, derived from a measurement conducted using a flexicurve ruler [11] , and (3) the blocks method [5] .
The Debrunner kyphometer and the kyphotic index are both non-invasive measures that are performed with patients in a standing position. The Debrunner kyphometer was designed in 1973 and consists of a protractor attached to two movable arms that when placed at the top and bottom of the thoracic curve, measures the angle of kyphosis. The kyphotic index uses a 60 cm flexicurve ruler, which can be bent in one plane and retain its shape, thus providing a mold of the spinal curve. The mold is traced onto paper and the height of the thoracic spine is determined by drawing a line perpendicular to the apex of the curve. This method can be used to calculate the kyphotic index (width/length×100). The inter-rater and intra-rater reliability of these two standing measures have been compared in postmenopausal women and showed a strong correlation in the measurement of kyphosis [12] . The validity and reliability have also been investigated between the Cobb angle and the kyphotic index [13] , the Cobb angle and the Debrunner kyphometer [14] , and between all the three aforementioned measures [15] .
The blocks method assesses a patient's degree of kyphosis by using 1.7 cm-thick blocks placed under the participant's head while lying supine. Hyperkyphotic individuals, when lying supine, are unable to lie in a neutral position without hyperextension of the neck. Blocks are placed under the head until a neutral position is achieved, with a greater number of blocks being indicative of a greater severity of kyphosis. It has been used to assess the degree of kyphosis in older adults [5] , but its validity has not yet been compared to the Cobb angle, Debrunner kyphometer, or kyphotic index methods of measurement.
The use of a fast, non-radiologic, non-invasive method for assessing kyphosis offers benefits for clinical and research practices. To our knowledge, no study has systematically used and reported results of correlation between all the four major measures of kyphosis done concurrently. Thus, the purpose of this study was to determine correlations between the kyphotic index, the Debrunner kyphometer, the blocks methods of measurement, and the gold standard radiographically derived Cobb angle.
Methods
Subjects 72 persons aged 65-96 were recruited from the San Diego community. Kyphosis measures were conducted at the Exercise and Physical Activity Resource Center (EPARC) at UC San Diego as part of a larger assessment battery to investigate how degree of kyphosis is associated with balance and future falls. After providing informed consent, participants disclosed their medical history and underwent a comprehensive health assessment that measured their physical function, balance, bone mineral density, and body composition. This study was approved by the Institutional Review Board of the University of California, San Diego (UCSD).
Measurement of kyphosis
Four measures of kyphosis were gathered from the same person, two done in the lying (L) and two in the standing (ST) position (see Fig. 1 
):
& The Cobb angle is calculated from a dual-energy X-ray absorptiometry (DXA) radiograph of the lateral thoracic spine, obtained in the supine position on a GE Lunar densitometer with a rotating C-arm, using the dual-energy mode. Lines were drawn from the upper border of the T4 vertebral body and the lower border of the T12 vertebral body, from which perpendicular lines were erected. The angle of intersection of these perpendicular lines comprises the Cobb angle. When unable to clearly the T4 vertebral body, T5 was used as the upper end instead. The edges of the vertebral bodies used to calculate the Cobb angle were identified by a physician rheumatologist considered an expert in the field of spinal measurement (JTS). (L) & The Debrunner Kyphometer (DK) angle is measured by a moveable protractor. The arms of the device were positioned at bony landmarks at the top and bottom of the thoracic curve to measure the angle of kyphosis. The upper arm was positioned between the interspace of T2-T3, while the lower arm was positioned on the interspace between T11-T12. [10] . (ST) & The Kyphotic Index (KI) is calculated using an architect's flexicurve ruler, which was molded onto the spinous process of C7 to the interspace of L5-S1. This mold was traced onto paper, and a vertical line was drawn to align the C7 spinous process and the interspace of L5-S1. A horizontal line was drawn connecting the apex of the thoracic curve to the vertical line. The kyphotic index was calculated as a function of the thoracic length and thoracic width using standardized procedures previously described (width/length×100). [11] . (ST) & The Blocks method involves counting the number of 1.7-cm thick blocks required to achieve a neutral head position with the subject lying in a supine position on the DXA table. This was the final measure conducted in the sequence during the participant's clinic visit. (L)
Statistical analysis
Spearman rank correlations coefficients were used to determine the strength of the association between each kyphosis measure. The kyphotic index and Debrunner methods of measurements were conducted by two or more raters per participant in order to evaluate inter-rater reliability. For the Cobb angle, inter-rater reliability was evaluated in a random sample of 20 films with the readers blinded to each other's results. To evaluate intra-rater reliability, 20 films were read twice after a 4 week interval. Since all kyphosis measures were normally distributed with the exception of the blocks kyphosis measurement that is an ordinal variable (range 0-7), Pearson correlation analyses were also performed. As similar results were obtained, the Spearman rank correlation coefficient data are reported. All analyses were performed using SPSS, version 22 (IBM Corporation, Armonk, NY).
Results
The characteristics of the 52 women and 20 men in the study are reported in Table 1 . Their ages ranged from 65 to 96 and the mean age was 76.9 (±6.7). The mean BMI was 25.4 (±4.5)kg/m 2 , and the mean percent body fat was 36.2 % (±7.2 %). Using a hyperkyphosis cutoff of a Cobb angle exceeding 50°, 21 of the 72 participants (29.2 %) were classified as hyperkyphotic [7] . Similarly, using previous published literature to guide thresholds to define hyperkyphosis, 14 (20 %) of those with the Debrunner (≥54), 18 (25 %) of those with the kyphotic index (≥17), and 28 (40 %) of those with the blocks (≥4 blocks) were diagnosed as hyperkyphotic [1, 8, 16, 17] .
Of the 72 participants, 70 measurements were gathered for the blocks method, 72 measurements for the kyphotic index, and 71 measurements for the Cobb angle and Debrunner methods. Correlations were only investigated in measurements with values that were available for both of the respective methods. The Cobb angles were assessed using the T5-T12 interval in radiographs of 16 (23 %) participants, and T4-T12 in the radiographs of the remaining 55 participants. Tests of inter-rater reliability were excellent to outstanding for the following kyphosis measurement methods: (1) kyphotic index, ICC = 0.933; (2) Debrunner kyphometer, ICC=0.993; and (3) Cobb angle were ICC=0.968. A single rater conducted all block measures of kyphosis, but other studies have published interrater reliabilities of≥0.85 [17] .
Using the Cobb angle as the gold standard, the blocks method demonstrated the lowest correlation (r s = 0.63, p<0.0001), the Debrunner method had a moderate correlation (r s =0.65, p<0.0001), and the kyphotic index had the highest correlation (r s =0.68, p<0.0001). The correlation was strongest between the Debrunner kyphometer and the kyphotic index (r s =0.76, p<0.0001). A full description of the correlations between measures is presented in Table 2 .
Discussion
In older men and women, all four measures of kyphosis were significantly correlated with each other, whether assessed in the lying or standing position. As such, all measures can be used with a reasonable degree of reliability to measure degree(s) of kyphosis.
As expected, the correlation was strongest between the two standing measures, the flexicurve and Debrunner kyphometer with an r s of 0.76. Differences in correlation between the standing and lying measures may be attributed to the participants' active maintenance of posture while in the upright position. Specifically, standing measures require the activation of muscles of the thoracic and cervical spine that can affect the measured degree of kyphosis [21] . Spinal loading forces not activated while supine, but engaged while upright, should serve to accentuate the degree of kyphosis, particularly if spinal muscle strength is compromised. Several studies suggest that back extensor strength or spinal muscle volume/density affects the degree of kyphosis in older persons [4, [18] [19] [20] .
For measures done in the lying position, the correlation between the blocks method and Cobb angle was the weakest (r s =0.63). While this result may seem counterintuitive, the comparatively low correlation may be due to at least two reasons. First, the blocks method is a relatively crude and subjective measure that is an incremental/non-continuous variable with a range from 0 to ≥7 whereas the Cobb angle is a measure of degrees with a much wider range of possible values. Second, the blocks measure captures aspects of the cervical spine not measured by the Cobb angle, which marks as its endpoints the superior edge of T4 or T5 and the inferior edge of T12. Thus, the blocks measure captures an overall sense of the cervical and upper thoracic spinal configuration and cannot differentiate between thoracic and cervical kyphosis, whereas the Cobb angle specifically measures thoracic kyphosis. Third, we did not test the inter-rater reliability of the blocks method; lower precision of this measure could weaken its association with other measures of kyphosis.
A strength of this study was that all four measures were conducted in succession at the baseline visit. Inter-rater reliability of all measures also showed strong correlations. A limitation of this study was that only self-sufficient patients who were capable of traveling to the measurement site were included. Given health problems associated with kyphosis, participants with severe cases of hyperkyphosis may have been under-represented. A second limitation was that the four measures were conducted in a predetermined order that could have lead to unintentional measurement bias. However, the Cobb angle and flexicurve index values of kyphosis were calculated months after the raw data were collected, and the raters were unaware of any of the other kyphosis results at the time, making measurement bias unlikely. Third, the traditional Cobb angle of kyphosis is measured from standing lateral spine radiographs where our measure was done from a vertebral fracture assessment DXA measure obtained in the lying position. However, other large epidemiological studies that have measured the Cobb angle from films obtained in a lying position have demonstrated that the Cobb angle ascertained in the lying position is associated with poor health outcomes, indicating measurement validity [7] . It has not been previously investigated whether or not measures of kyphosis obtained in the standing position correlate better with adverse outcomes than in the lying position. Importantly, these data are not applicable to vertebral fracture assessment images obtained in the lateral decubitus position, since the validity and accuracy of Cobb angle measurements on such images has not been established.
In conclusion, the correlations between the four measures of kyphosis examined in the present study indicate that when radiographs are not available, the Debrunner kyphometer, the flexicurve derived kyphotic index, and the blocks method are all sufficient and comparatively cost-effective measures to determine severity of kyphosis in clinical and/ or research settings.
